Effective sealing in secondary flow paths is critical to the performance of rocket turbopumps. It is important to be able to predict seal performance and the interaction of seal flows on the main flow in order for the designer to properly assess the impact of a particular seal design on the overall system performance. This paper presents the results of a computational fluid dynamics (CFD) calculation of the first stage space shuttle main engine (SSME) LH2 rocket turbopump (an alternate design) with seal cavities and compares the CFD results to experimental data.
Introduction
An important design and evaluation activity has been conducted around the SSME liquid hydrogen high pressure turbopump with emphasis on the first stage. This study was based on a Phase 1 and Phase 2 Small Business Innovative Research (SBIR) grant from Marshall Space Flight Center, Huntsville, Alabama. The project focused on using advanced pump and compressor design technology to create an alternative design with good throttleability, high efficiency, and reduced part count. Figure 1 displays a photograph of a conventional LH2 first-stage SSME rocket turbopump impeller compared with the advanced technology impeller. The new impeller has an increased inlet blade count from 6 to 8 blades, but reduced splitter count from 2 rows to a single row giving an exit blade count of 16 blades rather than the 24 blades of the current turbopump. Hence, the impeller design was simplified.
Downstream of the impeller a continuous crossover diffuser system is employed and the modified design configuration is shown in Figure 2 . This system represents a substantial reduction in overall diameter and simplicity in component design. Prior rocket turbopump crossover elements were designed as a conveying passage with very thick (vane) regions between each conveying passage. The new crossover design is configured based on a diffusing vane concept. Good performance was established, consequently confirming a reduction in diameter which can be translated to reduced size and weight of future generation rocket turbopumps.
The project had numerous technology objectives one of which was to understand the front and rear leakage cavities, the coupled cavity-impeller flow character, and the resulting effects on thrust balance. This paper reports a comparison between basic measurements in the front cavity and critical observations obtained by a detailed coupled CFD calculation between the cavity flows and the main flow passage.
Fundamental Flow Modeling via CFD
Modern computational fluid dynamic methods provide significant opportunity for basic or fundamental studies of fluid dynamic phenomena. When coupled with measured results from the laboratory, it is believed that important insights, sufficient to guide future generations of pump design, will typically result. To obtain quality CFD calculations, four important issues must be dealt with.
1 These include 1) high quality grid, 2) realistic handling of numerical viscosity or discretization error, 3) turbulence model, and 4) careful representation of inlet and discharge boundary conditions. For the present investigation, a time-marching multigrid code called FINE/Turbo * was used for the calculations. 2 It employs a second order accurate central difference discretization scheme with preconditioning to allow for computation of incompressible flows. 3 A typical grid display is shown in Figure 3 . The mesh was prepared using GridPro † which provides excellent multiblock definition of very high quality grids.
A Baldwin-Lomax turbulence model was employed in this computation. It provides adequate performance in boundary layer dominated flows, which is prevalent in the main flow path of the impeller, provided the boundary layer is resolved well enough. For this case the mesh was clustered towards the walls for a first node y+ value of approximately 2. To be sure, this * FINE/Turbo is a trademark of NUMECA International † GridPro® is registered by Program Development Corporation turbulence model will break down in the more complex stress-strain fields of the seal cavities. However, the standard one or two equation models that are commonly available to the industrial user are all based on the same eddy viscosity assumption, which is not valid in complex stress-strain fields. The use of more advanced turbulence models was outside of the scope of this work.
The impeller displayed in Figures 1 and 3 was, in fact, tested behind the bill-of-materials SSME LH2 rocket turbopump inlet element as shown in Figures 4 and 5 . This element is a side inlet housing with an inlet guide vane system that imparts approximately 45° of swirl to the impeller flow path.
Fortunately, some flow measurements have been conducted on the flow leaving this device and are available to workers concerned with the SSME rocket turbopump investigation. Hence measured inlet velocity and flow angle distributions just upstream of the eye of the impeller were used for the boundary condition at inlet. The static pressure was imposed as the boundary condition at the discharge. As Figure 3 displays, the flow field includes not only the main passage of the impeller, but also the front cavity flow field and the rear cavity flow field. Each has its own block description and detailed flow characteristics are calculated in each component and all elements (the main flow path, the front cavity block, and the rear cavity block) are solved concurrently to a single converged final solution. Because the return channel was not modeled in this computation, the mass flow through the rear seal cavity was imposed. The mass flow was adjusted until the pressure drop through the rear seal cavity matched the data. Magnetic bearing is enclosed in the casing shown on the left side, most stage hardware is in the insulated section just under the white inlet duct, and the crossover is located in the aft square section with discharge into an axisymmetric collector with four exit ports. Table 1 displays a few of the basic parameters involved in describing this stage and the resulting calculations. The evaluations were carried out at a flow rate corresponding to a Q/N which typifies normal operation which, for water-rig test purposes, yields a rate of 54.3 lbm/s. Test speed for this water-rig evaluation was 889 rpm. It will be observed that the exit static pressure from the impeller was closely replicated in the CFD calculations (33.3 psi measured versus 32.9 psi computed) and that the exit total pressure (42.3 psi calculated) is in close proximity to a single total pressure probe located downstream at the diffuser throat (42.0 psia) with some pressure drop anticipated between the computed and the downstream measured locations. The actual efficiencies for the impeller are slightly incorrect with a five point discrepancy in the impeller total-tototal efficiency but only a two-point discrepancy in the impeller total-to-static efficiency. The total-to-static may be a more realistic comparison as the estimate of measured total-to-total efficiency may be considered less precise. This follows since the exit static pressure could be readily measured, but the exit total pressure is not measured in this test rig with detailed precision. Further understanding of the comparison between measured data and computed results is shown in Figure 6 . In this figure, the static pressure rise through the front cavity is displayed. Measured pressure data, at various radial locations, are shown as the large solid square symbol. It may be observed that the agreement is generally excellent. Figure 7 shows the calculated static pressure distribution through the rear seal cavity compared to measured test data. Recall that the mass flow through the rear seal cavity was adjusted until the pressure drop through the cavity was approximately equal to the test data. Hence, the good agreement between the test data and the CFD is meaningless. The computed static pressure distribution through the rear seal cavity is, however, of interest. It shows that the rear damper seal Figure 4) is the single biggest factor in determining the pressure distribution on the impeller backface. Calculating the right pressure drop and mass flow through that seal is of primary importance for an accurate axial thrust prediction.
Computed and Measured Results
The computation included the front and rear seal cavities; therefore, it was possible to calculate a CFD predicted axial thrust to compare to the measured thrust from the magnetic bearing rig. The thrust was calculated by summing the pressure and momentum flux forces around the computational domain. In addition, the forces on the impeller shaft, which were not part of the CFD model, were taken from the test data and added to the CFD predictions in order to provide a proper comparison to the test data. 4 Table 1 shows the predicted axial thrust and the measured results. The prediction is 9.4% higher than the tested results. Part of this difference comes from the small discrepancy between the test data and the CFD predicted pressure in the front cavity near the impeller exit (see Figure 6 ). Integrating the difference in the pressures over the area between the two data points closest to the impeller exit results in an axial thrust difference of about 19 pounds force. This accounts for about 2.5% of the higher thrust value. The other 6.9% is most likely due to an incorrectly predicted pressure distribution over the impeller backface.
The flow in the seal cavities is highly complex which includes laminar to turbulent transition, nonequilibrium turbulent flow, jets and wakes, and large separation regions. The turbulence model which has been tuned for boundary layer dominated flows is not able to handle these complex flow phenomena. In addition, there were some geometric features (i.e., bolt heads) that were not modeled in the CFD which could have an effect on the results. This is especially true for the bolt pattern that is close to the impeller tip (see Figure 4) on the backface since the disk friction is proportional to the diameter to the fifth power and the pressure distribution will be affected by the disk friction.
The comparison just presented between some of the measured results and computed results is quite interesting, but the greater value probably lies in the insights obtained into the character of the basic flow field which is made possible by careful study of the CFD results. This study is now shown. Attention is first focused on Figure 8 . The contour plot is actually the gap cavity shown in Figure 3 along the shroud line just at impeller inlet. In other words, there is a small gap where flow can move radially up or down from the seal cavity area into the main flow area. The little circumferential strip which forms the interface between the main flow and the seal cavity flow is the strip displayed in Figure 8 . These are radial velocities. Normally, one thinks of the flow moving radially inward from the seal leakage regime down into the main flow path (negative C r ). However, a careful examination of these results, shows that this is not always true. The expected flow direction, using negative value of C r corresponds to all contours less than the number nine. Immediately in front of the main blade, however, there are a variety of iso-contours running from 9 up to 14. In this region, the flow is actually reversed and the flow is going radially from the main flow up into the cavity region. This is brought about by a stagnation effect of the flow as it approaches the main blade. The increase in local static pressure as the flow is tending towards stagnation, or in the vicinity of stagnation, is sufficient to cause the flow direction to reverse and to give a radial outflow. Of course this flow must be balanced and eventually is swept, in an adjacent circumferential position, back into the eye of the impeller. A similar presentation is shown in Figure 9 concerning the flow near the impeller exit. In this case, instead of having the radial velocity component as used in Figure 8 , Figure 9 shows the axial velocity component which can be visualized again by reference to Figure 3 . The gap for the front cavity in the vicinity of the impeller exit has an axial orientation and it is through this strip that the flow is now being studied. Consequently, the velocities are axial. Negative axial velocity is the direction in which a flow would be expected to leak from the impeller tip into the front leakage cavity. However, some of these velocity values are, in fact, positive indicating flow is going back out into the main stream. The positive values are found for contours above 12. Indeed, if one carefully examines these contour designations, there is a light gray region of flow which falls above 12 in this diagram. Hence a small pocket of flow is moving from the seal cavity back into the main flow (although most of the flow is in the expected direction).
Important streamline information follows next. Figure 10 displays the streamlines in the main flow path and some aspects of the streamwise flow in the adjacent cavities. In general, the basic flow character is much as expected. The only anomaly is a small separation bubble up in the vaneless diffuser; frequently, these can occur either in the physical laboratory or in the computational laboratory and can be avoided by using pinch in the vaneless diffuser (a vaned diffuser was used for testing -the vaneless is for computational purposes only), but this was not done for the present investigation. It will imply a small distortion in the axial components at the impeller discharge when compared with the actual configuration. Figure 11 shows pertinent details at the impeller inlet especially in the seal cavity regime. The streamlines reflect the basic pattern which might be anticipated for a flow of this nature. The strong jet-vortex nature of flow within each cavity is, of course, the intended objective: a seal must create maximum losses in order to minimize leakage flow rate. Further details can be observed in Figure 12 where a classic front cavity recirculation, roughly looking like a Couette type of flow field, has been established in the front passage. The boundary layer around the rotating wall is moving radially outward due to centrifugal effects on the shear layer; the effect of the differential pressure across the cavity develops the radial inflow along the outer wall. Incidentally, the very thick shroud surface may appear to the reader as something of an anomaly. There is a good reason for this. The external contour of the impeller shroud is identical between the redesign, utilized in this paper, and the original LH2 impeller configurations. For the redesign, a narrower passage width was employed in order to obtain desired flow control. Consequently, a thicker shroud or cover was employed for the experimental investigations. In an actual application this would be much thinner and the entire front cavity flow problem would be translated closer to the main flow path. Flow phenomena in the rear cavity, see Figure 12, may also be observed to be quite similar in nature to that which is displayed in the front cavity except for the interesting radial jet-like flow phenomena which are observed in the labyrinth seal areas. The flow character in these cavities is rational but a bit different than one might anticipate from the front cavity examination. The flow is being pumped into a radial outward direction. When one considers the third component (into the figure) it can be appreciated that the flow may not be axisymmetric in the seal regions.
Further detail in the inner cavity region of the rear disc cavity is displayed in Figure 13 . Anticipated cellular flows are observed.
The final evaluation of flow states concentrates on the impeller inlet. Figures 14-17 give details of the inlet leakage recirculation problem at different positions clocked between one main blade and the adjacent. Since there are 8 blades, there is a 45° separation between each of the main blades. Figures such as 14-17 were prepared in 5° increments between a pair of adjacent main blades. Four of these are shown here for illustration. Figure 14 corresponds to the θ = 0 position and the velocity vector pattern appears in a commonly expected form. The θ position corresponds to the distinct line in the inset picture. At 5°, see Figure 15 , the study section is shown as a quasi-orthogonal dark sheet right at the leading edge of the (bowed) main blade (see insert). In this case, the effect of the pressure field from the main blade is felt and some of the flow is pushed up radially into the cavity region. This flow, however, does not make it back even to the first seal tooth. It is simply re-entrained locally. In addition, there is a small backflow recirculation region between the leading edge of the main blade and the front cavity gap. A further illustration at the 10° position is shown in Figure 16 . It is observed that some radial outflow still exists in this region. However, by 15° there is little or no recirculation and between 15° and 45° the flow pattern is much like that shown in Figure 17 corresponding to the 25° location. Hence, the positive outflow of gap leakage is constrained to a small sector near the main blade location.
Closure
This study has presented certain measured data concerning the flow through an alternative SSME ATD first stage impeller and the flow through the adjacent cavities. An unusual phenomenon has been discovered and identified which corresponds to radial outflow in the front seal cover gap and also reverse flow at the impeller tip but with little adverse impact on the remainder of the flow. The computation of the flow in the front cavity is in excellent agreement with the measured static pressure change through this regime. The axial thrust prediction was too high, however, it came reasonably close given the simplicity of the turbulence model. CFD calculations, using multiblock schemes, should form a good basis for accurate thrust calculations on a closed impeller with the use of more sophisticated turbulence models.
